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ABSTRACT

Usually, magnetic amplifiers are excited by applying a pure d-c
signal :to the control circuit. The -tput, however, is a truncated sine
wave, the angle of truncation depenc ., on the signal strength. If seversal
stages of magnetic amplifiers are cascaded, it is clear that the signal ap-
plied to succeeding stages is not pure d-c but usually full-wave, rectified,

truncated, a-c - the avsrage value of which varias with the angle of trunca-
tion.

This work, then, investigates the operation of self-saturating
magnetic amplifiers using rectified a-c excitation as obtained from a pre-
ceding stage or from a thyratron arrangsment. Only control by varying the
angle of truncation vith constant amplitude of signal is considered.

A thecretical analysis, in addition to an experimental study, is
made for different modes of steady state operation. It 1is then attemptad
to Jjustify the assumptions involved in the analysis and deviations from these

P

assumpiionsz are considered. Then rssuilas obtained from the measurement of the
transient response are discussed.

Emphasis thicughout is on the voltage doubler circuit since, of the
basic self-saturating circuits, it is most effectively adapted to a-c control.

The discussion is extended to other self-saturating circuits in a later chap-
ter,

O SRS Y AP Sy S = £ —— it o 2 T D w40 R w
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Egtrcduction

s

The operation of the self-saturating magnstic amplifier is fairly
well known ard coversd in detail in the literature (refs. 1 - 8). Not much
has been written, however, regarding a-c excitation, Raney9 considers a
special circuit, using & full-wave rectified a-c signal with varying amplitude.
Another paperlO gives experimental results ueing a full-wave, rectified; trun-
cated a-c signal with varying amplitude for different phase angle relations
betweern the signal and load voltage. In multistage magnetic amplifiers, how-
ever, where the output of one stage is fed directly into the control circuit
¢f the next stage, it is not the amplitude of the signal to the later stages
that varies, but rather ths angle of truncation.

The a-c excited magnetic amplifier cannot be analyzsd by considering
the signal to be compcsed of a d«c term plus a seriss of a-c terms because such
a process is valld only for linear circuits and certainly does not apply to the
highly nonlinear self-saturating circuits. One must not conclude that since the
signal has a d-c level the cperation is necessarily simila: to the d-c excited
amplifier. In general;, the two types of operation will give different results,

Instead, a step-by-step analysis is required which is based on cer-
tain assuptions and which gives approximate results. ior one thing, it is as-
sumed that the B va, H characteristics of the magnetic materials used can be
represented by straight lines and thal the orerating point of each core over a
cycle follows a minor d-c hysteresis loop as shown in Fig. MRI-13437-b.

For simplicity the angle of truncation of the signal is called the
fcontrol angle™ and the angle of truncation of the load current is referred to
by its popular name of "firing angle". The problem of this work i3 chiefly to
determine how the firing angle varies as a function of ccatrol angle = both in
the steady state and during a transient.

Almost all the work i1s concerned with the doubler circuit which is
shown in Fig. MRI-13436-a. In the analysis the control current is assumsd tc
have a waveshape as skeiched in Fig. MRI-13437-a, which is obtained from the
output of a previons stage., The test setup is shown schematically in Fig. MRI-
13436-b. RR is a purposely inserted resistor to simulate additional winding
resistance and Ry simlates rectifier lezkage. Data on the cores and rectifiers
used is given in the Appandix.

The direction of the control current is such as to tend to demagnetize
the cores;, and is referrsd to as "negative" control current., If the polarity
of the current were reversed, it would be called "positive" control current.

It is shown later (Chapter II, Section D) that positive control is not as effec-
tive as negative control for most purposes,

All experimental transfer curves are plotted in terms of average rec-
tified load current vs. average control current. The average control current
can be read directly on a d-c ammeter, but the load current is first rectified
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and then read on a d-c ammeter as indicatad in Fig. MRI-13436-Db.

The control angle is varies by controlling the d-c signal applied
to the firat stage.

I. ©Steady State Operation of Doubler Circuit with A-C Ex~itation

A. Basic Assumption

To simplify the analysis of the circuit of Fig. MRI-13}36-a with
a~c excitstion a few idealizetions are first made.

(a) It is assumed that the B va. H characteristics of the cores
are such as seen in Fig. MRI-13437-b, with infinite unsaturaied inductance,
sero post-saturation inductance, and a sudden transition (sharp knee) batween
theze two regions. The operating path is assumed to foliow a minor d-c
hysteresis loop as indicated. As for the geometry of the cores, it is con-
sidered to be such that the flux density is the same throughout the cross-
section, so that the core saturates everywhere simultaneously (this is not
true for cores with large ratio of outside to inside dimension). Further, the
effect of eddy-currents contributing to the total MMF is neglected.

(b) Concerning the rectifisrs in Fig. MRI-13436-a, they are thought
of as having a linear forward resistance, and the ability to block any raverse
current flow; that is, the back (leakage) resistance is assumsd to be infinite.

(c) The control current is assumed to have a perfactly truncated
wave shape as shown in Fig. MRI-13437-a. The presence of the control windings
in no way affects the wave shape of the control current; that is, the current
is forced in the control circuit, or operates from a current source. This
condition can always be achieved by using a large enough resistance in the
control circuit. Also, the jump at the control angle is to be large enocugh to
meet the minimum requirsment as specified later by Eq. (16).

B. Basic Equations and Regions of Operation

For the doubler circuit of Fig. MFI-13436-a, the basic equations are
written as:

dF.
- . g
v=V_ sinat = (R + R) i, 46+ N 7S Ri, (1)

dF
2
-v--=VMsinwt-(RL+R&)12*02+N3T-RL11 (2)
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o A T (3)
ic ~ 0 for ()<:am,<:amc
(L)
ic - °Icn sin ot for tntc< at <
Hy¢ =~ N, + N1 (5)
Hpe = Wi, + N1 (6)

e] is the voltage across rectifier No. 1. When it is negative, ij = O. When
ey is positive, ths rectifier concucts and €] = 1] Ryec. Then Eq. (1) can be
written as
% dF1
vusinmt-nilaﬂt‘iz#}{a;—

where

8 2
RE= B+ Ry * Rege

and is termed the "total mesh resistance". By definition,

Rp =« R, + Rog¢ (7

and is termed the "forward mesh resistance®,

Roughly’, the steady state analysis is divided into two distinct
regions of operation. The theoretical relationship betwese.. the cosines of
the control and firing angles is shown in Fig. MRI-13437-¢. The useful region
is obtained when the control angle, wt,. precedes the firing angle, wte, and
ig indicated by line AB. The transition between the two regions occurs when
ot = atg (pt. B). As the control angle increases, the firing angle decreases
from =, This characteristic relating the cosines is later translated into
transfer curves relating avarage currentes.

C. Basic Mode of Operation

Consider the region AB (Fig. MRI-13437-c) vwhere the control angle
precedes the firing angle. Impose the condition that the line voltage alone
is not sufficient to causs the cores in Fig. MRI-13436-a to saturate both
positive and negative simultaneously; that is

Fy &g

(The case whers FH'>'FS is discussed in section G of chapter I.)
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Fig. MRI-13438 shows the various wave forms that are derived in the
analysis and can be used as a guide,

As a starting point consider ccnditions at an angle shortly efter
the firing angle, atg. By definition one core is now saturated. Assume the
other core is unsaturated and its flux decaying. Then referring to Fig. MRI-
13437-d, F; = Fg and Hy = <H,. Cocre No. 1 is at pt. E and moving to the right
(since a positive voltage is now bsing applied to it tending to increase its
flux, F1) and core No. 2 is at pt. G and moving downward. Ncw# from Eq. (L),

i oI

e oM sin at

and from Eq. (6)
N12 - NCIOM an at o Hctn

and as long as iNcIcH sin wt| > chéu!, i, 1s positive. If, however, Ichul
> |N~Icn sin ot]; then i, would be compuced from Eq. (6) to be negative. BRut
this is impossible because of the rectifier in mesh No, 2. Therefore; it is
concluded that at the angle where lNcIcM 2in ot just becomes less than IHC&MI,
H2 is no longer equal to the cosercive force H_  as assumed but follows the
control current in accordance with Eq. (6) for 12 =« 0, Dsfining this augle as
e Hc‘M

sin wt_ = —=— (8)

° N1
e eM

Normally wty, is very late in the half cycle and if the coercive force is small

mto = % approximately

and Fo at this angle is defined as Fy.

Then in the interval from wty to wty, core No. 2 decays from pt. G
to pt.D (Fig. MRI-13437-d). Solving for io during this interval

N K¢
& ¢ M
12 ;ﬂ IcM sin ot = m;um o

The term (Nc/N) Icm i wt is termed the "circulating® component and is due
to the current transformer behavior of the unsaturated core. Hgém/N is called
the "magnetizing® component and is due to a finite coarcive force, Since

B =Fgs dFl/dt = 0, and tracing around mesh No. 1; shows e] to be positive.
Substituting 12 in Eq. (1),
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. O A RpH ey
- 11 - == + = 'IcH sin nt -
: " ™ R

Solving for the load current in Eq. (3) gives

: \/ N H ¢
11f'[$"(1°r) uniszJ oin @t + (lor) =2 (9)

N
where r is defined by

r = (10)

Tl

Since 15 is positive, e is positive. Substituting ij and i7 in Eq. (2) ard
neglecting the magnetizing compcnent

2
dF N_ N
N—2 . -vm+n*—'IcH¢.R};v +R%-—°-Icn gin wt
dt N R R* N
Dividing by oN

=

1 ¥, i 2
= —<.- | P (1-r) + F (1or%) | sin wt (11)
® d¢ —
where v
F. = -—m
N
end
*
F w Nc IOHR
x ;? -

It is seen from Eq. (11) that F is decreasing which was assumed
as a starting point. Referring to Fig., MRI-13437-d, the flux in core No. 2,
Fo, at wtg 1s called ¥y and the core is at pt. D. In the very short interval
from oty to =, 1, is not large enough to overcome the coercive force and from
Eq. (6) it is seen that i2 cuts off. Tracing around mesh No. 2 shows tha
rectifier to block. Hz munt now follow ic and the operating point moves to
the right with constant flux, Fo. Thus at n the flux F2 is F5., But wty = n
approximately and Eq. (11) czu be integrated from wtg to =,

Integrating and substituting the limits Fp ai wts and Fp at x.

Fo = Fo = [F1er) + Q) | L+ cos at,) (12)

At the cloge of the half-cycle H} = Hy = O from Eqs. (5) and (6).
Thus at n core No. 1 is still saturated and operating at pt. A (Fig., MRI-
13437-d and core No, 2 is at pt. L.
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. Now, in the steady state; by virtue of the symmstry of the circuit,
conditions at the start of the half-cycle in one mesh are the same as the

conditions at the end of the haif cycle in the other mesh. Therefore, at
wt =0

F,-F, F,=F, H

1 = H =0

1 2

Shortl; after the start of the half-cycle, no control current flows
end since 12 cannot go negative, H2 also cannot go negative - by Eq. (6).
Tracing around mesh No. 2 shows the reciifisr to block since (sz/at) = 0,
Therefore, i2 is truly zero and H2 must remain zero as long as no control cur-
rent flows. Core Nc. 2, which tends to come out of saturation, is prevented
from doing so and stays put at pt. A (Fig. MRI-13437-d) with F2 = Fg until
wte, the control angle.

In the meantime core No. 1, which at the start of the half-cycle
was at pt. L, has a positive voltage appliec to it which tends to cause F to
rise. Therefors, it moves to the rignt with ¥} = F, until Hj = Ho. Defining

wt;, as the angle whan H] = He, and since up to wtn (dF1/dt) = O, Eq. (1)
gives
v

11-~—’-3 sin at from 0 to at
R" n

since i, = 0. From Eq. ()

and at wtn, Hl - Hc‘ Thus

sin wtn

(13)

Normally wiy, 1is very early in the half-cycle and for small coercive force,

u&n = 0 approximately.
After wt, core No. 1 moves up from pt. K {Fig. MRI-13437-d) with
H) = He. The control current is zero and from Eq. (5)
Hch

i . —

1 N

This is only magnetizing current which is neglected. Then dividing
Eq. (1) by N
dF
S (1k)
dt '
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Defining # at wic by Fo and integrating between O and wt;. gives
F,-F = FM (L - cos axc) (15)
At the control angle, wt,, the control current jumps on. The jump

mast be great enough to cause H2 to Jump to -H, in accordance with Eq. (6) for
io = Q; that is, imposs the conditicn that

H
lic]éi | < n| at the control angle (16)
Ne
> Hlp
Minizum NcIcH - 5
sin amc

At wte the operating point cf core No. 2 jumps from pt. A to pt. B
(Fig. MRI-13437-d) with constant flux.

Mtu‘ mc, H2 - -Hc, Hl ol }Ic, &nd from qu (6)

Nc Hc‘n
iz-i-IcHsinwb-

wnigh meens that the rectifier in mesh No., 2 is forced to concuct by the pre-

sence of the control current. Now F2 is fres to decay and a negative voltage
appeara across cores No. 2. 8Solving Eq. (5) for i, with Hy = He

N chm

C
il i-cnsinwt-tn .

Neglecting the magnetizing current

NC

Substituting in Egqs. (1) ard (2) and dividing by N

1 90

= [Fy ¥ (1-r]] sin ot (17)
172 .

S lm & [_?Md?x(l-r):l 3in ot (18)

w dt
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Integrating from wt;. to aty

F-F_ = [?H-Fx(l-r)} (cos wt - cos wt,) (19)

L [?H+Fx(1-r)] (cos ot - cos wt,) (20)

Actuvally the quantity NoIoM need not be large, and in fact should be
kept as small as Eq. (16) permits. For proper operation Fy will be much larger

‘an Px. Making this approximation it is seen from Eqs. (19) and (20) that
tc - FG~

Then rewriting Eqs. (12) and (15) in their approximate form

Fo-F, = M(ler) {1+ cos wta) {21)

Fg-F, = P, {1 - cos at_) (22)

and sclving for the firing angle as a function of the control angle

r - cos wtc
cos mms . ———
l-r

for O0< vy, 2 wt .
c 8

If r is very close to unity it is seen that a small change in control
angle causes a large change in firing angle., Expression (23) is valid cnly for
control angles in the range indicated since it was assumed that the control
angle preceded the firing angle in this mode of operation.

Fig. MRI-13438 gives the sxact theorstical wave shapes. The photo-
graphs of Fig. MRI-13439-a bear out the preceding theory. In particular, it
is observed that in the photograph of the flux wave shapes in Fig. MRI-13439-a,
Fo does not begin to decay right after the start of the half-cycle but imust wait
until the conirol current flows.

Expression (23) is based on the assumptions stated in section A of
this chapter and was derived for tlie case when both magnetizing and circulating
currents are negligible., The ideal magnetic amplifier to satisfy these condi-
tions would have zero coercive force cores and infinitesimal control current.
Under these conditions the result (Eq. (23)) is accurate no matter what the wave
shape of the control current provided it remains "on" until the end of the half
cycle. The only function of the control current is to act as a "valve" which

——— ———
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determine whether or not F, is decaying, so that regardless of its wave shape,
it is of importance only when it goes on and when it goes off, As a first

(and good) approximation it is seen that the control current has absolutely no
affect on core No. 1, whose flux is rising during the positive half-cycle. Of

course, during the other haife-cycle. the control current exerts influence only
on cores No. 1,

Tt is interesting that, under the idealizations made; the rslationship
between the control and firing angles is dependent only on the ratio of load
resistance to total mesh resistance.

D. Informatinn for Analyses of Other Modes

Some general rules for determining the flux equations for any mode
whatsoever can he set forth with reference to Fig. MRI 13uii0-a and Fig. - .-
13440-b, i, 1s taken at random to "go on" and "go off" several timss in the
interval shown. It goes off whenever 1lts magnitude drops below the minimum
specified by Eq. (16). It was seen in the preceding section that the control
curreni dossn’t affect a core in its positive half-cycle cperating along H = K,
but does act as a valve for the core whose flux igs decreasing.

If magnetizing and circulating currents are neglizibles, Fo {ihe de-
caying flux) will decrease sinusoidally whenever the control current is "on".
The amplitude of the decay depends on whethsr or not core No. 1 is saturated.
When ccre No. 1 is unsaturated (and thesefore its mesh current is negligible),
the entire line voltage will appear across core No. 2 and will csuse its flux
to decay with amplitude Fy.

aF
2 . Fy sin ot (24)
o dt

out when core No. 1 is saturated the current in mesh No. 1 is strong and the

voltage across core No. 2 has an amplitude Vy (1-RL/R#) because of the drop
across the load resistance. Then

1 9F .
= e W o FM(}ﬂr) sin wt (25)
w dt

Of courss, if ic is Yoff"
g oo
= ~==0 in either case, (26)
w dt

and the operating point of core No, 2 mukes a horizontal excursion (such as
AB - Fig. MRT-134}0-2 and Fig. MRI-13L40-b).
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When ths control current is either "on* or M"off", as long as core
No. 1 i= unsaturated, its flux rises with amplitude Fy along H-H, and

daF
A F, sin ot (27)
» dt

E. Firing Angle Preceding Control Angle

The region BC (Fig. FRI-13L437-c) is obtained when the control angle
is increasad beyond the point where it meets the firing angle. The rules of
section D can be applied without going through the analysis in detail. Ths

assumptions in section A anqd the equations in section B are applicable to this
mode also,

From the beginning of the forward helf-cycls to the firing angle, wtgs,
F2 cannot decay because the control current ie "off", ®y, however, builds up

with amplitude Fy (Eq. (27)). Integrating Eq. (27) between the limits Fy at the
start and Fg at the firing angle,

Fg - Fy = Fy (1 - coc at) (28)
Ail this time F2 is locked at Fg.

From wtg to wt, both cores are saturated and no change f flux occurs
in this interval. It should be moted that although both cores are saturated
only one mash conducts since the rectifier in the other mssh blocks.

After wt, the control current is "on®, core No. 1 is saturated, and

core No. 2 decays according to Eq. (25). Thus integrating between the limits
Fg at wtc and Fo at n gives

Fg = F, = Fy (X = r)(1 + cos wtc) (29)

Subtracting Eqs. (28) and (29) gives the firing angle as & function
of control angle,

cos at = - (1-r) cos wb, 4T (30)
for et <ot < n
s c

Comparing Eq. (30) to Eq. (23), it is seen that the "cosins gain"
under one mode is the reciprocal of the "cosine gain" under the other mode.
The maxinum gain that can be obtained under this mode is unity (for r = 0).

The next step is to convert Eqs. (23) and (30) into useful average
current relationships.
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F. Gain Relationships and Trar.afer Curves

Fig. MAI-13440=c is a sei of curves relating the control and firing
angles under both modes. The only parameter is "r", The curves are independent

of any other parameters just so long as the magnetizing and circulating currents
are negligible.

If the control current has the assumed wave shape, its average value
can be expressed in terms of the control angle as

- I
I, =~ =cH (1 + cos amc) (31)
n
and if magnetizing and circulating currents are negligible it is seen from Fig.
MRT-13438 that the average rectifisd load current is

= Yy
I = — (1 + cos wts) (32)
nR*
To find the current gain, Gt,
G = o - Y d(cos otg)

I = - *
d;c IcMR d(cos wtc)

In the region of greatest interest (control apgle preceding the firing angle)
the relationship between the angles is given by Eq. (23). Differentiating
Eq. (23) and solving for current gain gives

"

(I L
1 cMn’ (1er)

I

But
) HL 1 F
SEUGE E;) - ;; (R* ) RL) ) E;

Thexrefore, the final expression for the current gain becomes

u

Teu By

It 18 interesting that the current gain is incependent of load re-
sistance, control turns, and load turns. Although the relationship between
the angles is independent also of Vy and IcM; these quantities enter into
Eg. (33) in the process of averaging the load and control currents. The gairn
is inversely dependent on RP, the forward mesn rasistance, which i1s the sum of
the rectifier and winding resistances., The lower IcM, the greater the gain.

GI -

for wt <t (33)
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Tens

(]
(2N

howevsr, must not be brought below the minimum specified by Eq. (16).

The curves of Fig. MRI-134hi0-c can be translasted into the transfer
curves of Fig., MRI-13440-d, by observing that when wtc = O the centrol cure-
rent is a negative maximum and when wte = O the average rectified load cur-

rent is a maximum. Figs. }

-13ih1-a, MRI-134h1-b, and MRI-13L4l1-c show the

theoretical transfer curves with various parameters. In the curves note that

2VH -

Q. b
2 c

1
L MAx "

21cM

m’n

To find the voltage gain consider the control circuit to have a
finite physical resistance, Kc. Then

. R, dIy
v el e oo
Rc dIc
and from Eq. (33)
o - _wh
o —— B
IcM RF Rc

The power gain is given by

=2

R, &1p) 2 By

Gp . e 2 GI e
Rc d(Ic) Rc

In a multistage amplifier Ic¢M and Rg

R

G =

RC

(3L)
the following definition:
2
n B .
Sy . (35)

IcM RF Rc

are usually related, since actually the

control circuit is excited from a voltage source as shown in Fig. MRI-13436-b,

It should be noted that Eq. (33) predicts & perfectly linear transfer

curve since it involves only circuit

constants and does not include the magne-

tic properties of the cores. Deviations from linearity are partially due to
magnetizing current which Eq. (33) neglects.

Figs. MRI-13ih2 to MRI=-134L6 are transfer curves taken with the
doubler circuit and using a-¢ excitation. The test setur is as in Fig.
MRI-13436-0. The core material is Hypernik Vv and informstion regarding tha

cores i3 given in the Appendix.

It is seen by glancting at the curves that the high gain region is
obtained for small contrel angles which ccrrespond to large values of control

current. Fig. MRI-13LL41-3 shows the
readings accurately.

potentiometer setup used to taks these
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In general, there is very good correlation beiween the experimental
results and Eq. (33). Pig. MRI-134}2 uses different valuss of forward mesh
resistance, It is immediately seen that the gain is an inverse function of
forward mesh resistance. Also the useful range is smaller as the resistance
goes up because the control angle meets the firing angle at a later value as
seen in Fig. MRI-13440-c. The entire range is less because increasing the
mesh resistance lowers the maximum load current. The rectifier resistance is
taken as one ohm since two discs of selenium are used in each rectifier, and
from the Appendix it is seen that the proper value of forward resistance based
on the linear portion of the rectifier characteristics is about one ohm.

In Fig. MRI-134L43 the control current amplitude is the parameter. The
gain is ssen to go up with decreasing amplitude in accordance with Eq. (33).
There is a lower limit of control amplitude because cf the necessity for the
control current to jump an amount corresponding to the coercive force as dictated
by Eq. (16). It is noticed that for still lower amplitudes of control current
the hottom half of the transfer curve is wiped away, since now small control
angles will not satisfy Eq. (16). The same effect would result if too few con-
trol turns were used. This then is one of the factors limiting the gain. The
obvious solution is to use more control turns, but if too meny turns are used;
the control current may be affected by induced voltages from the load circuit
and may no longer be assumed forced.

Transfsr curves using line voltage as the parameter are plotted in
Fig. MRI-134hl. Again in accordance with Eq. (33), it is observed that in-
creasing the line voltage increases the gain and of course also the range of
operation. The voltages used were all under the saturation value. The sffect
of larger voltages will be considered in the next section. For lower voltages
the curve is shifted to the right and control takes place over a region of later
control angles, This shift is not explained by the idealized theory of the
praceding sections end more light may be shed on this phenomenon after the dis-
cussions of Chapter II, which consider deviations from the ideal hypotheses.

In Fig. MRI-13445 the effsct of load resistance changes is shown. As
predictaed by Eq. (33) the gain is not affected. Furthermore, the curves are not
shifted from aach other, which indicates that for a given control engle the am-
plifier behaves like a constant current source, provided operation is maintained
in the linear high gain range. Naturally, the range of operation is reduced
for higher values of load resistance since the maximum lcad current is lower.

0f interest &re the curves of Fig. MRI-13LL6 which show that the gain
is independent of both load and control turns. The only elfict of varying the
control turns is to shift the transfer curve. Increasing the turns shifts the
curve to the right and control is obtained over a range of later control angles,
Changing the load turus has only a very slight effect on the gain and does not
shift the curve. The region of operation; however, is seen to be higher. This
is because decreasing the twrns increases tne magnetizing current.
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It is well if the transfer curves are shifted a 1itils to the right
withcut a loss of gain for twc reascns, For one thing control is cbtained
over a region of later control angles which means that the jump of control
current at the control angle will te greater and lower values of control am-
plitude can be used; thereby increasing the gain. Secondly, if the amplifier
is operated from another stage a higher overall gain will result, because the
first stage operates over a region further from the bend of its own transfer
curve, For these reasons any slight shif't to the right; as caused by an in-
crease of control turns, for exampie, is welcome.

The transfer curves of Figs. MRI-13L442 to MRI-134L6, immediately
bring to light two shortcomings cf this type of operation. For a two-stage
singic-ended amplifier fuil control current in the second stage must be main-
tained when the amplifier supplies no load (I is low). Secondly, if operation
is limited strictly to one region of the transfer curve, full output is never
obteined., The entire region of control is up to control amigles of the order of
20 to 50 degrees.

Nevertheless the transfer curves have excellent linearity and current
gains of the order of 50 were obtained withouvt any difficulty. Much higher

gains could be expected for Hypernik V cores wound with load turns of lower re-
sistance.

Table 1. (Fig. MRI-13474) compares the values of gain mea=zured from
the transfer curves to those calculated from Eq. (33). The results ars in
very gocd agreement despite the fact that Eq. (33) neglects magnetizing and
circuleting currents. The measured values of gain could only be considered
sccurate to within 5%.

G. Operation witn Lergesr Vcltages

In the analysis of Sectlion C, the condition was imposed that the core
never saturated negatively. This was insured by making FM less than or equal
to Fg. Since ircreasing the voltage increases the gain. the next logical step
is to investigate what heppens when My :»Fg or VM > ulNFS.

The effect of increasing the voltage is to cause the cores to saturate

negatively for values of control angle which will make the minimum flux, F,,
hit the value -Fg. Eq. (22) is

- - % -
FG Fo L (1 = cos wtc\

and Eq. (20) can be written in its approximate form as

FS - FG -.FM (cos wt, - cos a&s)
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when Fy = -Fg, the limit of the analysis uf Section C,

Fy + Fg = Fy (1 - cos wtc).

G S
Adding
ZFS = F‘M (1 - cos wts)
or
Min. cos wt_ = fﬁ—:-gf§ (36)
Fy

such that the analysis of Section C is valid.

Even though Fy is greater than Fg, the analysis of Section C is
valid as long as Eq. (36) is satisfisd. If, however, the control angle is
brought so low that it causes the cosine of the firing angle to go below the
minimum specified by Eq. (36), then the cores saturate negativsly and the
analysis is no longer valid.

At the stert of the positive hslf-cycie core No. 1 i= at pt. B (Fig.
MRI-134li7-a) and ready to start its rise. OCore No. 2 is st rt. A and is not
resady to decay because the control current is "off" (see Section D). It is
clear because Fy cannot decay until the control current goes "on", and sincs
after that the fluxes rise and decay with the same amplitude, Fy, that core
No. 1 must saturate positively before core No. 2 saturates negatively. That
is, wtg<wty where wt], is when Fp hits - Fg.

Fq rises with amplitude Fy from zero to wtg over the range from -Fg
to + Fg, and by the rules of Section D,

2Fg = Fy (1 - cos wts) (37)

and solving for the firing angle

F,, - 2F
cos mts - i

(38)

a result which is independent of the control angle. Thus, the firing angle is
constant and eqQual to the maximum value as specified by Eq. (36) whenever the
core saturates nsgatively. This will occur for all values of control angle
which when substituted in Eq. (23) give a value of cos wtg below that of Eq.
(36). For larger control angles the firing anple is determined by Eq. (23)}.
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Fig. MRI-134}47-b shows the relationship betwsen the cosines of the
control and firing angle for the case where Fyy is larger than Fg for diffsrent
valuss of r, The theoretically expscted transfer curves for different values
of voltage are drawn in Fig. MRI-13LL7-c

The effect of overdriving the amplifier was observed experimentally
and the results are plotted as transfer curves in Fig. MRI-134L8. Although
the gain increases somewhat witii increasing voltage, as predicted, the load
current ceannot be brought below a minimum corresponding to the firing angle as

givan by Eq. (38). For this reason application of the overdriven amplifier is
more or jess limited.

II. Dsviations from the Basic Assumptions

A. Justification of the Basic Assumptions

Certain aasumptions were made ir Section A of Chapter I to simplify
the derivation of the basic steady state modes of operation of the a«c excitsd
doubler circuit. These gave rise to an idealized thscry the accuracy <{ which
was checked to some extert Ly the iransfer curvss and wave form phnotographs.

The close ccrrelation betwesn the experimental results and the theory is itself
evidence that the assumptions made were good ones for a sensitive core material,
such as Hypernik V.

That the d-c hysteresis loop for the Hypernik V cores can be reprasent-
ed as rectangular as in Fig. MRI-13L437-b is sesn from s etudy of the actual loop
takan from hysteresis loop measuremenis using tne ballistic method described
by Spooneril. The locp is pluitad in the Appendix. Now, if magnetizing cur-
sent s neglected anyway; the siops of the vertical portions of the locp in
no way affects thc wave shape of the load current,  rthermore, the firing
angle using a-: excitition should not bs affected by a change in the slope of

the loop. This is in caniract to the dec excited amplifier where the minimum
flux {which determines itha firing augla) is determined by the d-c current in

the control clrcuit oand is sraii~ally dependent con the slope. In the a=c case,
however, the minimum flux is not ~et by a d-: MMF bui rather is determined by
the amount of flux decay thet the “valve action™ of the control current permits.
It can therefore bs concluded that the analysis is valid also for the less
sensitive crre materials provided the knes of the B-H curve remains sharp and
ths magnetizing current does not bascoms tco large., More will ba saild regarding
less sensitive core materials in Section F of this chapter.

The photograph of Fig. MRI-13L4L9-a shows a minor lcop traced out by
a Hypernik V cors and is in accerd with Fig. MRT-13437-b.

It was assumed that the rectifier forward resistance wzsz linsar. The

rectifier characteristics plctted in the Appsndix show this to be true only
for sizable currents through the rectifier. The only way the rectifier forward
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resistance enters into the idealized theory is in determining the quantity
Fn(l - r, which is the amplitude of the flux decay of ccre No. 2 while ccre
No. 1 is saturated. This expressicn enters through Eq. (12). "r*" is de-
fined as Ry /R¥* whare R¥* is partially determined by the rectifier resistance.
But in the derivation of Eg. (12), R*® refers to the total resistance of mesh
Ro, 1. During the interval for which Eq. (12) applies this mesh is fully con-
ducting and therefore the rectifier resistance can be assumed as linear,

Rectifier leakage exercises its influence by tending to unloci the
core from its zero MMF position from the beginning of the negative half-cycle
to the control angle. It is thus expected that if the leakage is not pronounced,
it will be insufficient to release the core and the operation should hardly be

affactod. Section G of this chapter studies the influence of leakage experimen-
tally.

The third msjor assumption had to do with the control current. 7The

1 : main factor preventing forcing of the assumed current throvgh the control wind-
ﬁi ings is the EMF induced from the load meshes. Before ths control angle one

i core 1is saturated and no voltage is induced across it. The other core, however,
is rising with amplitude Fy and a voltage will be induced in the control wind-
ings tending to send current circulating in the same directior as the physical
% control current, and this may unlock the first core before the control angle.
If, however, sufficient resistance is used in the control circuit and if the
control turns are a fraction of the load turns, then the induced voltage is
minimized. During the experimeniil runs, a control resistance of the order of
200 ohms was used itogether with a turms ratio of 6 tc 1 and no appreciable in-
duced currents were present. This was seen by c¢bssrving the control current
wave shape with and without shorted control windings and no significant change

in the shape occurred. The photographs of ™g. MRI-13449-c and d bear this
out.

To obtaln the sharply truncated control current a sensitive core
materiai with a sharp knee, such as Hypernik V, must be vsed in the first
stuge. Also the magnetizing current in the first stage must be low or else
the control current will be “on" before the control angle.

B. A-C Excitation Shifted in Phase

It was implicitly supposed heretofore that the source of the a-c
excitation was in phase with the load voltags. Out of phase operation of the
doubler circuit will now be considered mainly for compieteness but would seldom
morit practical use, for reasons that will become apparent.

The angle by which the excitation source lags the load voltage is
symbolized as "wtp", and called the "phase angle". The phase angle introduces
extra complications into the analysis and reference should be made to Fig.
MRI-13450 and the rulas of Section D of Chapter I applied. Four modes are
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possible and are represented by the different diagrams. It 1s clear that the
maximum phase angle is 180 degrees since the contrcl current is full-wave
rectified. A phase angle of 180 degrees 1s equivalsnt to one of zero degrees.

As illustrated in Fig. MRI--13450, mode (&) is when the control angle
precedes the firing angle and occurs in the first half cycle after the phass
angle.,

In the ideal analysis the wave shape of the contrcl current is irre-
levant. It is important only when the countrol current is "on" and "off" as
explained in Section D of Chapter I and illustrated in Fig. MRI-134L0-a and
Fig. MRI-13440-b.

From the start of the half-cycle up to the phase angle the control

current is "on". Then F2 decays from Fg accoerding to Eq. (24). Defining the
value of Fp at the phase angle as Fp and intcgrating in the interval,

Fg = Fp = Fy (1 - cos ootp) (39)

Then Fp locks at Fp becauss the control current is "ofI". After wt., however,
it can once mcre decay and

r,=-F

B s = Fy (ccs wt, - cos aﬁs) (LO)

where F; is defined just as in Chapter I as Fz at the firing angle. After the
firing angle Eq. {25) applies because F] is saturated. Then

Fg - Fy = By (1-x)(1+ cesaty) (L1)

A1l the while F} builds up unhampered according to Eq. (27). Thus,

- = { - 0 ) 112
Fg = F, Fy (1 - cos ut ) (4?)

Combining Eqs. (3%) through (L2) and solving for thea firing angle gives

cos amp - CO8 wtc -1l +r
cwcms - s (w)

it is seen from this that when the control angle occurs at the phase angle,
then the firing angle is at the close of the half-cycle.

In mode (b) of Fig. MRI-13450, the firing angle precedes the control
angle. Going througi the same procedure as for mode (a) the flux relationships
can be shown to be:
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FB-FP --FM (1 - cos mtp)

- - - ( )
FP Fo FM (1 = r){(1 + cos wtc,

and

Fs =SE = Fy (1 - cos wts)

solving gives
cos wt_ = =(1l-r) (i+cos wt.c) + cos wtp

It is seen that when wty = n, wty = wbp.

In mode (c) the control angle is increased bsyond n.

Fs - FG - - ?H {cos wh, + cos mts)

F-F, = Py (1 = r)(cos wt, - cos astp)
and
Fg - F = Fy (1 = cos wta)
Solving:
cos mts ., L1+ cos ot + (1-r) cos wtp
la-r
In mode (d) the firing angle comes first and:
P - = om -
Fg Fo FM (1-r) (cos mtp + cos wtc)
Fg - F, = Fy (1 = cos wbs)
Solving:

cos wt, = 1 + (1l-r) cos Wb (l-r) cos wtp

(Lk)

(L5)

(Lé)

(L7)

When the con-
trol angle minus n precedes the firing angle the flux equations can be written.
Since cos (wte = n) = -cos wtc, the equatiors for this mode ars:

(48)

(43)

(50)

(51)

(52)

(53)

(5L)
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Equations (L3), (L47), (51), and (Siu) give the theoretical relation-
ship between the control and firing angles for the four different modes. When
the phase angle is zero, there are only two different modes and the equations
reduce to Eqs. (23) and (30). The theoretical relationship between firing and

control engles for a given rhase angls and different values of "r" 1s drawn
in Fig. MRI-13L451-a.

Although the cosine relationships are linear, the transfer curve
will in general not be. Whereas the average load current is a linear function
of cos wtg, the average control current is given by

_ 1 N
Ic - CMAX [ 1 + cos (wtc - wtp)J

2

and is not a linear function of cos wte. It is also observed from Fig. MRI-
13451-a that in general there are thres discontinuities in the transfer curves.

To predict a transfer curve with «t of phase cperation requires the
solution of a transcendental equation. This is done numerically for r = .9
and the results are plotted as broken lines for phese angles of 60 and 120
degrees in Fig. MRI-13452. The solid lines are expsrimental curves. A com-
parison of the results indicates that the theory is correct and can be used
with fair reliability to predict the trend of any transfer curve for any phase
angle, regardless of the shape of the control pulss.

C. A-C Excitation Plus D=-C Bilas

From the point of voiew of an a-c excited stage alone the transfer
curves of Figs. MRI-13L4L2 to MRI-13LL6 are in a rather awkward position. The
use of a d-c bias comes to mind, the direction of which being "negative"j; that
is, in the same direction as the control pulses, From & theoretical stand-
point the bias (if perfectly constrained) should allow the decaying core to
slip out of saturation even before the control angle and insteed cause it to
lock at some other wvalue of flux along the slope of the B-H loop. This would
mean a reduction in P, and a correspcnding later firing angle. The delay in
the firing angle is manifested by a shift of the transfar curve to the right.
The flux where the core locks can be determined from the d-c corntrol magne-
tization curvel? of the circuit.

The first thing that 1s observed in attempting to taits transfer
curves of the a~c excited doubler circuit with bias i3 the instability illus-
trated in Fig. MRI-13451-b and 8o often encountered in underdriven mugnetic
amplifiers. The extent of the instability increases with the bins and for
the ordinsary unbissed case only & very slight instability is observed. This
instapility can be eliminated entirely by slightly overdriving the amplifier.
To sidestep this difficulty all the transfer curves of Fig. MRI-13L53 are
taken for decreasing values of load current.
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It is saen from Fig. MRI~-13.53 that although the bias shifts the
transfer curves into a more accessible position, the gain is reduced by a
factor of 2 or 3. Also the useful linear range is reduced since there 3is a
discontinuity when the firing angle reachas the control angle. The condition
of fvl]l ssturation throughout the half-cycle is never reached because of the
presence of ths demagretizing d-c MMF,

In view of thaese disadvantages, the use of d-c blas would b2 limited.
Triod

Inztead, however, there is nothing wrong with biasing the first stage which is
d-c excited.

D. Control wiih "Posgitive" A-C Excitation

Control by varying the angle of truncation cen also be achieved by
epplying ths control pulses in a positive sense. This reguires a large nega-
i ' tive bias (larger than that required to shift the curves with "negative® con-
i trol), since the positive pulses alone will keep both cores saturated through-
out the cycle.

With "positive" control, the firing and control angles vary in the
same direction, whereas with "negative" conirol they vary in opposite direc-
tions and meet somewhere along the way. Now the firing angle precedes the con-
E trol angle as shown in ¥ig. MRI-13451-c, and the high gain region is obtained
i for control angles late in the half-cycla.

i Pig. MRI-1345k4 is a plot of transfer curves for different values of

g d=c blas. The gain is of the same order of magnitude as with "negative*® con-
trol for the same parameters, but the curvas do not exhibit quite the linearity
g enjoyed by the amplifier with "negative'" control. Also, it is observed that
low values of load current #ire not in ‘he linear range and this - plus the
necessity of a large d-c bias - would 1limit the use of "positive" control to

applications where the average control Current must be kept at low values for
no a-c signal.

E. Effect of Shunting Additional Windings with Resistances

A very interesting property of the a-c sxcited doubler circuit ie
observed when a low resistance is shunted across an additional winding on
each core., In the d=c excited self-saturating amplifier, the effect of this
resistance is to pivot the transfer curve to the left about the upper knee
of the original curve.5 This results in a severe reducticn in gain inversely
proportional tc the shunting resistance,

It is seen from the transfer curves of Fig. MRI-13455 that no such
reduction takes place when a-c excitation - varying the angle of truncation -
iz applied. Even when the auxiliary winding of ien turns is shorted out com-
pletely, so that only ths winding resistance of less than one ohm remains, the
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gein is hardly affected. Only the minimum point is raised. On the other hand.
shorting the winding for tle d-c excited amplifier was observed to reduce the
gain by a factor of thirty.

Dissipation in & resistance shunting a winding can be used to simu-
iste the eddy-current loss in a core.l3 Conclusions should not be hastily
drawn from Fig. MRI-13L55, however, concerning the indspendence of the a-c ex-
cited amplifier from eddy-currents, since with a~c cperation the eddy-currents
may behave in an entirely different way, but these results should at least
indicate the order of the effect.

F. The Use of a Lesy Sensitive Core Material

In Section A of this Chapter it was explained why it is expected
that ths operation of the a-c excited self-saturating amplifisr znoulid be im-
dependent (if magnetizing current is stili negligible) of a change in the slope
of the verticel portions of the B-H loop.

Consider a core material such as Hypersil, a major d-c hysteresis
loop of which is in the Appendix. A minor ioop is photographad in Fig. MRI~
13449-b. The decaying core locks in at the 2zero MMF value as in the case of
Hypernik V, but now this point is below saturation. The material is seen to
be much less sensitive than Hypernik V, Not only is the slope considerably
reduced but there is also no distinct transition between the "saturated" and
Minsaturated® regions. Thus, in both the a-c and d-c excited cases, there is
no longer tha cleanly truncated load wave form observed with Hypernik V. Also
the magnetizing current is considerabls becesuse of the lcwer unsaturated induc-
tance.

It is thersfore expected that the transfer curves exhibit a2 high
degree of nonlinearity, in both the a-c and d-c cases, when Hypersil is
used. Murthermore, in the d-c case the"gain" (taken arbitrarily as the maxi-

mum slope) is seriously affected, mainly because of the reduction in the
slope of ths B-H loop.

With a-c excitation, however, it is not the slope itself but rather
the other factors (round knee, magnetizing current) which alter the shape of
the transfer curves. Refer to Fig. MKI-13456. Curves K-1 and K-2 compare
Hypersil to Hypernik V for equal forward mesh resistances, and it is seen
that over a small range the gain with Hypersil comes very close to tha gain
using Hypernik V. At any rate, the difference is many times less than was ob-
served with d-c excitation and in comparison to more sensitive core materials
Hypsrsii would stand up very much better with a-c excitation.

When the forward mesh resistance is lowered as for curve K-3 of

Fig. MRI-13456, the gain using Hypersil, is very high and this indicates that
it is the winding resistanca rather than core properties which imposes a prac-
tical limitation on the gain.
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From these considerations it is concluded that in many cases
Hypersil can be usad as the core material for the last stage of a multistage
amplifier with but 1ittle reduction in overall gair. However, because of

the rounded wave forms, ihe output cannot be used to excite further stages
in the same manner,

G. . The Effect of Rectifier Leakqgg

Leakege of the mesh rectifiers, when a negative voltage is applied,
exerts its greatest influence during the short interval before the control
angle, With only slight leakage the flux of the decaying core remains prac-
tically locked in at a constant flux, as shewn in Fig. MRI-13LL49-e, up to the
control angla. However when additional leakage is introduced (by shunting the
rectifiers with resistors), there is a demagnetiszing effect because of the
negative mesh currents, and the MMF varies, preveanting the locking of the cores
et a fixed value of flux. A large amount of leaksge, as caused by 1000 ohm
shunting resistors, results in the flux wave fcrm of Fig. MRI-13L49-f, where
it is seen that tho core does not lock at all,

The effect on the transfer characteristics is shown in Fig. MRI-
13457. Unlike the case with d-c excitationl, thers seems to be no appreciable
reduction in linearity. The gain, however, is reduced quite a bit. The re-
duction in gain seemz to begin after a critical value of leakage. This value
probably corresponds to the demagrstizing MMF just required to unlock the cors
past the knee of the B-H{ loop., For lesser leakage the demagnetization results
in no change of flux and dor . not affect the operation much,

A comparison of curves L-4 and L-6 indicates that the amount of leak-
age is independent of load resistance.

Equation (33) states that as the voltage is halved, the current gain
should also be halved. Comparing curves L-l4 and L=5, which are for large
amounts of leskage, shows the gein to be little changed by halving the vol-
tage. The conclusion is that halving the voltage al so halves the leakage
curren’ which compensates for the drop in gain predicted by Eq. (33).

H. Effact of LoueringVControl Circult Resistance

It was previously mantioned that the assumption of control current
forcing" can always be fulfilled by using a large enough control circuit re-
sistance, If this resistance is dscreassd, tie sffect of induced voltages
from the load windings to the control windings will become pronounced, and as
explained in Section 4 of this Chapter, a circulating current will flow bafore
the control angle in the same direction &s the applied control current.
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Fig. MRI-13460-a and Fig. MRI-13460-b show photographs of the con-
trol current with a low control resistance (ten nhms) for shorted and un-
shorted control windings. Compare these with Fig. MRI-13LL49-c and Fig. MRI-
13L49-d. With the control windings shorted, there are nc induced voltages.

It is seen, however, that the control current wave shape is far from the ideal
anyway, there being no sharp truncation. This is because the first stage i=
operated with a low resistance and a low voltage (to keep the current ampli-
tude fixed). When the shorting is removed from the control windings, the
effect of the induced voltagcs on the control current is observed.

The curves of Fig. MRI-13458 show the effect of insufficient forcing.
As tha resistance was lowered, the voltage of the first stage was also lowered
in order to keep the same current amplitude. It is seen that if ihe control
circult resistance is lowered too much, the gain decreases.

III. Transient Behavior

A. Background

In general any amplifier, whether magnetic or electronic, has asso-
ciated with it a certain delay, the extent of the delay usually being directly
relatsd to the magnitude of the gein. In terms of a sinusoidal input the delay
is imterpreted as a frequency and phase responss., With a step input the delay
is measured in terms of a "rise time" or "time constant".

Since a magnetic amplifier is essentially a d-c amplifier, it is
convenient to express its delay as a response due to a step signal within its
linear range of operation. The "time constant” of the anplifier is defined
as the itime required for the completion of an output change of 63% after a
step signal is applied. li The "output? refers to the average output over a
cycle and the time response is pictwred as taking placs over a large number of

. cycles, The transient can never be less than one cycle since it requires at
least that long to reach a steady state condition.

The term "time constant" implies that the output changes as a simple
= ) exponential. Thlis is only true in the case of a linear single-delay system.
o In general, there may be several stages which introduce several independesnt
delsys. In additicn, magnetic amplifiers do not behavs linearly within each
cycle. However, if the operation is restricted to a straight line portion of
the transfer curve, and if the time response is long enough, the response is
very close to an exponential.

The time constant is often expressed in cycles of 1line frequericy
instead of seconds.

LERE T e e b R,




Figy

[

T

*

3

te

R-332-53, PIB-268 25

B. Method of Transisnt Obsa:~v:tion

In ordsr to obtain & statiorary pattern of the transient on an os-
cilloscope, the step muat be applied rapetitively and periodically. Thiz 1e
done by switching the d-c input to the first stage by means of & fast acting
relay which is operated from a chaln of electronic frequency divide—s driven
from line frequency. Details of this instrument ere given in the Appendix.
This iz the same as applying & square wrve input whose half period is long
enough to allow the transient to settls. It is imporvent that the impedance
the amplifier sees looking back into the switching circuit is not much dif-
fersnt when the switch is open or clcsed, since the time response is in general
a function of this imredance,

The test setup is seen in Fig. MhI-13i57~a. The oscilloscope sweep
must be made a very low freqQuency since the transients are slow, This is
accomplished by means of the external condenser as shown, A swaep period of
two seconds is a typical value. Since the siweep iz &l ow, the scope scresen
should be long persistent,

Since only the average value of cutput is of interest, the output
is first averaged by means of 2 Cyclic Integrahor,15 which, by electronic
integration, gives a pulse for each cycle the freight of which is proportional
to the avarage output., Photographs of the resulting displays are seen in
™Mgs, MRI~13460-c, 4, 8, f, and Fig. MRI-13461.

C. Overall Transient Response of Two-Stage Magnetic Amp.ifier

The second stage of a twc-stage magnetic amplifier is a-c excited
from the rectified output of the first stage, which itself i3 d-2 excited.
For proper operation the control current t» the second stsge must be forced
by using a large enough control circuit resistance., Thus, the control wind-
ings are fed from an effective currsni source which reans that the time re-
sponse of the first stage i1s unaffucted by the prssenze of the sec.nd stage.
This was checked expsrimentally by observing the respcinse cf the first stage

when the control windings of the second stage were connected and whan they were

shortad. No difference was ohserved.

In the a~c excited amplifier stage, & step signal msuns thet the
control angle Jjumps from one value to another instantanecusly. This is poss-
ible if the current is forced. Unlike the d-c situation *his does not mean
that the minimum flux within a cycle must jump from one cysle to the neat.
The minimum flux is not determined from a d-c MMF and is sst by the control
angle in the steady state only. Durlng a transient the mirimum flux changes
gradually and the second stage has a delay despita: the fact that the control
current may Jjump. The time constant of the second stage will be considered
in the following sections. At present, let it suffice to say that the sesond
stage alone has a time constant denoted by Tj.
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The question arises in what manner the two-stage asplifier responds
to a step signal to ths first stege if the stages have time constants of Ty
and T2, respsctively. The prcblem consists cf determining the response of the
second stage of time constant T2 to an exponential of time constant Tj which
is the output of ths first stage when a step is applied thereto. This can be
solved using the Lapiacz Transforms.

The resulting response is of the same form as the curient obtained
when an exponential voltage wave shape, of time constant T3, is applied to a
deenergizsd resistance-inductance series circuit of time constant Tj.

Thus
1(p) = Ep)
Z(p)

where, if Ky is a constant, the impres-ed voltage is

_t
Kl(l- [ A Tl)

which transforms into

K
1 1 s | 1
E(P)"Kl (—-—__‘l—) i —— 1
P pa+ = Ty p(p+ =)
and
2(p) = K, (p + =)
) T,
Then
1(p) = & ot (55)
T1 T2 p(p+ =) (p+ =)

where K is another constant. The inverse transform of Eq. (55) yields the
solution for the response

P -

K|1- (2

) (56)
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This is valid if the two time constants are different. If Ty = T2,
Eq. (53) becomes

i(p) » & N (57)
7,2 p(p + =)2
Ty

the inverse transform of which gives the response as

t
" L
E e o L - ¢ i
h (1 Tl e 2 g 1 (58)
for T; = T

Eq. (5¢) gives the response of a two-stage amplifier to a step
input in terms of the individual time constants. Fig. MREI-13)59~b shows the
response for two different cases.

D.  Transient Response of A-C Excited Stage - Observation

The determiration of the time response of the d-c excited selif-
saturating circult is discussed elsewhere.? It is the second or a-c axcited
stage with which this work is concerned. As mentioned previously, a step
input, to an a-¢ excited amplifier means tnat the control angls jumps from
one value to ansther. Direct switching cannot be used to accomplish this.
Instead the test stage is fed from a de=c excited amplifisr where switching
can be accomplished easily as described in the Appendix.

It is seen from Eq., {56) that if the time constant of the first
stage is small compared to that of the second stage, the overall response
approximates a simple exponential ard the observad "time constant" is but
little greater than that of the second stage alone. All measursments are
taken with the doubler circuit of Fig. MRI-13436-a. The core material is
Hypernik V. In all observations the switching rate is 1/6L of the line fre-
quency. The time constant in cyvles i1s read directly by counting the number
of pulses {see Section B of this Chapter) up to the 63% point.

The photographs of Fig. MRI-13460-c, d, e, f are taken for varying
parameters. It is seen that the time constant is practically independant
of control circuit resistance, control turns, and load turns. It is nect so
surprising that the response 1s irdependent of control resistance and control
turns since the control current is forced through them anyway. At first,
however, it is startling that the rssponse is independent of load turns, since
the cores are the seat of the delay and their influence should be felt in
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relation to the numter of turns throug: which they are iniroduced into the
load meshes. Nevertheless, it is shown in the following section that the
result is theoretically correct.

It is further observed (but no photos are shown) that the time
constant is virtuslly independent of line voltage and control amplitude, In
addition, the time constant is not related to the operating range as long as
it remains in the linear 1egion. Another point to be made is that no differ-
ence can be datected upon rise and decay of the transient. 1In the d-c excited
doubler circuit such a difference has been observed and explained.?

For the given circuit only two quantitias are seen to influence the
time constant to any extent. They are load resistance, Ry, and forward mesh
resistance, Rp. Fig. MRI-13461 shows varions response patterns as these para-
meters are varied., Clearly the time constant is observed to increase as the

load resistance ir.creases but decreases as the forward mesh resistance is
made higher,

E. Transient Response of A-C Excited Stage -~ Thaory

It is extremsly difficult to derive an exact theory of the transient
responss of a magnetic amplifier, but if one speaks of relatively longer times
constants and considers orly average qQuantities where operation is restricted
over linear portions of ths transfer curves, the problem can be attacked more
easily.

A method used by Storm16 for a simple d-c excited amplifier, which
gave good correlation between thsory and observed 1esults, will be applied
here. 1t must be remembered that the solution involves many approximations,
but even if the results are not mathematical certainties, they can be used to
show a qualitative trend. As it turns out, however, the theory is in closs
agreement with the praviously observed results.

An "average" or "eifective" inductance is definsd for zach core as
ths change in average fiux linkages per change in average amperes; that is,
A F,
L = N— (59)
4 I1

Consider the doubler circuit of Fig. MRI-13L36-a. If tha control
current is forced and a step is applied (meaning a jump of the control angle),
the only effect of the control circuit is to induce a step driving function
in the load windings. Then the equivalent circuit with the elements linear-
ized is as in Fig. MRI-13L459-c where only average quantities are considered.
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It is ¥ncwn from the steady state theory (Chapter I, Section C) that the
rectifiers conduct nearly throughout the whole cycle, the only time they
block being during the sho~t portion of the negative half cycle before the
control angle. t will therefore-te assumed that the rectifiers can be ra-
presented in Fig. MRI-13459-c by a constant forward resistence and this
lumped with the winding resistance is the quantity called Rp.
The mesh eQuation for the upper loop is

e = (RL + Rp + pL)'f1 - R£f2
But by the symmetry of operation Tl = fg, therefore

e = (Rp+ pL) T,

and since e is a step the time constant is

T, = L_ (60)
Rp

It remains tc determine "L". It should be noted that EBq. (60) is valid only
for the doubler circuit. Note that in the full-wave circuit of Fig. MRI-

13462-b the time constant would be L since the currents add in the
1oad resistance. 2R, + Ry

Now if magnetizing current is neglected, ths current'fl has two
components, namely, one-half the lcad current plus the average circulatiug
current. Then

IC

z!z
[¢]

A IL - A

>
[
-

n
AV ¥ o

where I is itself negetive. But 4 Io = 4 11/Gy , thus

N

= z (1 _ Tc 1
I - -— e — -,_\
4h 81, G- § G’

The second term in the parenthesis is ordinarily much less than a half.
Hence, 4 Iy~ 1 4 I; , and Eq. (59) becomes
2

(61)
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At this point another approximation is made. The average flux in core No. 1
is taken to De the mean of the minimum flux, Fy, and the saturation flux, Fg.
In other works, Fi~Fg + !‘n , and

2

AR

b (o]
A F. =2 comeme
1 2

Now from Eqs. {35) and (19) with Fy negligible

Fg=-F =F, (1 = cos mts)

-]
and
AF F
= o] M
A l“1 2 2—- 4 cos mt-s
but from Eq. (32),
%
4 cos wt - nl .y I
V.. L
Iy
therefore, %
N?MR _
AF, = [} IL
but v
) 4 - _’!
M ol
thus,
A.fl"ﬁ A_I-L'_}ﬁ aTg
2uN LEN

Substituting back into Eq. (6l1), the effective inductance is seen to be

2 f
This= gives the rather interesting result that the effectivs or
average inductance seen by the load mesh is independent c¢f the turns and is

related to the total mesh resistance directly. Substituting in Eq. (60) the
time response is seen to be
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*
T2 - 1 B in seconds
f R,
¥
or )
* (R, +
'r2 - ];‘. E_ - }. .i_—;n-r— S in cycles (63)

By ® K

Thus, as previously observed, the time constant is determined only
by the load and forward mesh resistances. Expression (63) can be rewritten as

{1-r)

Thus, the tims constant is seen to be inverz:sly related to the cosine gain
given by Eq. (23).

A comparison of the measured resuits of the preceding section and
the values of time constant calculated from Eq. (63) is given in Table 2, Fig.
MRI-13475. The results are seen to be in very good agresment. The observa-
tions in Fig. MRI-13461 conld only be made within a certain accuracy and a
range rather than.a fixed value 15 given as the result.

In all photographs the time constants on rise and decay of the tran-
sient are indistinguishable. In the d-c excited doubler there is a difference
due to a circulating current on decay.? In the a-c case, however, the circulat-
ing currents are already comsidersd and they are not affected by the direction
of the step signal.

F. Figure of Merit

The figure of merit of a magnetic amplifier is defined as the ratic
of gain to time comstant in cyclss.

At this point the multistage amplifier shows a great advantage, since
the overall gain is the product of the gains of the individual stages, whereas
it can be said with tcngue in cheek that the total time constant is only the
sum of the individual time constants. Thus, the figure of merit is graater
than would be obtained with but one stage.

From Eqs. (23) and (63) the "cosine" figure of merit of the a-c ex-
cited stage 1is:

¢}
M w =208 2 (64)

cos
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The “current" figure of merit is from (33),

GI 2 VM (65)
ng'r I . R*
cM

n

The “voltage" figurs of merit is from (3k),

(2]
<

G v
M, = < - _-_"* : (66)
T, g R B -

*3 i_um
=

My = £ - (87)

n
—~
0
=
"F
|")n

if Ry, = R" approximately.

Most oftun the parformance is expressed in terms of the power figure
of merit. To maximize it the winding and rectifier forward resistance should
be kept smali. To raise the voltage, either the load turns must be increased
in order tc ksep the "minimum point" on the transfer curves, or else cores
with larger cross-sectional arsa ussd to raise the saturation flux, However,
increasing the load turns raises the winding resistance. 7o minimize the con-
trol. amplitude in Eq. (67), more conirol turns must be used to satisfy Eq. (16).
The control resistancse must. not be lowered so much that the control current
can no longer be assumed as forced. In addition, it should be kept in mind
that it is the oversll figurw of merit that is important in a multistage ampli-
fier and increasing the figwe of merlit of the a=c sxcited stages should not be
done at the expense of that of ths first stage unless the overall figure of
merit is greater.

The galin, time response;, and hence the figure of merit of the a-c
excited self-saturating circuit is to a first approximation independent of core
characteristics. This is in ccntrast to the d-c excited self-saturating cir-
cuit, where the figurs of meri% is seriously contingent on core characteristics
and dimensions.17 The upper practical 1limit t» gain and figure of merit ob-
vainable is, howsver, definitely determined by ths cores.

IV. Application to Various Circuits

A. Half-Wave Circuit

Until now the entire discusasion was limited to the voltage doubler
circuit, since it reacts most favorably to a-c excitation as present comparison
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will reveal. As a special case of the doubler, consider the situation when
r = 0. This rmesns that the entire mesh resistance is in series with the wind-
ings and there is no coupling between the two meshes.

Tue nalf-wave circuit of Fig. MRI-13462-a represents one mesh of the
doubler circuit when r - 0. Useful load current flows only during one half-
cycle. Referring to the ideal cosine relationships of Fig. MHI-1344O-c, it is
sean that the cosine gain for r = 0 is unity, and that there is no discontinuity
in the charicteristic.

Since uhs control current has 1 effect on a core whose flux is rising,
it is necessary to have control only dur: . the negative helf-cycle. The ideal
wave forms are drawn in Fig. MRI-13462-c¢. Note that now both the maczimum aver-
age control current and maximum average load current are reduced ty a factor of
two far the same voltage, control amplitude, and total mesh resistance as for
the doubler.

For the haif-wave circuit the previous gain relationships can be ap-
plied @ith Ry = R#. Hence, if control current is used over only one-half of
the cycle, it follows from Eq, (33) that

i (68)

which means that the gain is the ratio of the load current amplitude to the
control current amplitude.

This result is valid for all control angles since there is no discor-
timiity of modes. An actuel transfer curve is plotted in Fig. MRI- 13484 and
ithe result is in agreement with the above,

Although the half-wave circuit gives good linear operation and its
range encompasses all control angles, its usefulness 1s seriously impaired by
the fact that it has an inherent low gain about which not much can be done.

The theoretical time constant can be found in the same way as for
the doubler circuit (Chapter III, Swuction E). The "effective inductance" is
again given by Eq. (62). The effective resistance is now, however, R* instead
of Rp. Hence

L
T. = =
2 H?

and substituting R* for Rp in Eq. (62),

T, = % cycle (69)
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which is a bad approximation since the transient analysis is valid only for
longer time constants. However, the photograph of Fig. MkI-13467-a shows the
time response to be close to one cycle which is considerstly faster than for
the doubler circuit.

B. _ Full-Wave Circuit

The only difference in the basic equations for the full-wave circuit
of Fig. MRI-13462<b is that Eqs. (1), (2), and {3) should te rewritten as

dF
M51nwtm(Ri‘a-Rm)11+el+N;-t-+ 12

v

=Vnsinwt-(RL+R0)1,2+62+N-—-+ i,

and
i, = 41+ 1,

Thus, in computing the voltage across core Xc., 2, dFy/dt, when core
No. 1 is saturated, as was done in Eq. (11}, the quantity (1cr§ becomes (1+r)
and f magnetizing and circulating currsnts are once again neglected, Eq. (23)

e
e watene

o P - £OS mtc
cos wt = for O < ot < ot
s ¢ s
l+r

The cosine gain in the range when the control angle is less than the firing
angle i3 thus seen to be less than unity and have a minimum value of one half
(when r = 1). Fig. MRI-13463-a shows the cosine relationships for different
valres of r. Yt Is seen that the cosine gain for the full-wave circuit is
greater when the control angle follows the firing angle, its value being the
Teciprocal of the cosine gain when the control angle occurs earlier., Thus,
the useful range for the fulle-wave circuit has az maxdmum cosins gain of two.
In particular

G = (1isr) for O < mts < at, (70)
snd the current gain is readily found to be

G, = —— M* (1+r) {(11)

IcH R
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Since usually the winding resistance is a small part of tha total mesh re-
sistance, r is nearly unity and (l+r) & 2. Thus,

2 VH
r*

G~

I

IcM

To determine the theoretical time constant when operating within
the basic mode, the exact same method can be applied as was used in Chapter
111, Section E for the doubler circuit. Now, however, the currents through
the common load resistance add and as a result the time constant is given by

T2 - ol (72)
Ry, * By
8ince the derivaticn of the quantity "L" made no specification of
the relative position of the control and firing angles, its value is ths same
in the full-wave circuit sven though the basic mode is for a firing angie pre-
ceding the control angle. Thus, the time constant is found to be

1 r"

P o B et
2 (2R, + Rp)

(73)

since Rj, is considerably greater Rp, R¥ ~ Ry, and T == % cycle.

Of course, ths actual time constant cannot be less than one cycls,
gso that Eq. (73) is written only for purposes of consistency. Fig. MRI-
13467-b is a typical response pattern for the full-wave circuit.

Table 3, Fig. MRT-13475, lists values of theoretical gain ami time
constant for the thrsa basic circuits. At first glance it seems that ths
theoretical vaiue of time constant for the full-wave circuit of 1/L is nct in
accord with the cansistency of the other two circuits where the time constant
is one-half the cosine gain. It must be remembered, howsver, ithat the full-
wave circuvit is operating in a different region (wtg before m&c), and that
actually the cosine gain of the full-wave circuit is 1/2 when the ccntrol sngle
precedes the firing angle.

A transfer curve for the full-wave circuit is plotted irn Fig. MRI-
13464 and the trend once again justifies the theory. Control in the high-
gain ragion is obtained over values of contrcl angles late in the half-cycle
vhich may be a distinct advantags as far as overall gain of two stages iwn
concerned. The gain itself, howevsr, is ordinarily much lower than that of
the doubler circuit and in addition the range of operation has a rather high
"minimem point",




K-332-£3, PIB-266 36

The full-wave circuit does, however, have an intrinsicaliy fast
response time. If the tims constant i3 taken as the minimum of one cjycle,
the figure of merit is equal to the power gain.

b vy :
cM ¢’

Thus, although the rasponse of the full-wave circuit is much faster than
that of the doubler circuit, the figure of merit of the doubier, us given by
Eq. (67), can be made a gocd deal higher than that of *he full-wave circuit.

C. The Multistage Amplifier

The possibilities of combining a-c and d-c stages using doublers,
full-wave, or half-wave circuits; with or without feedback (see Section E
of this Chapter) are indesd numerous and offer much "meat" for further in-
vestigation.

The sclematic of a tested two-stage amplifier is drawn in Fig. MRI-
13465. The cores used in both stages are of Hypernik ¥, those of the first
stage having somewhat smaller dimensions. A d-c sxcited full-wave circuit is
used as the first stage so that the input to the second stage requirss no
rectification. The second stage is a doubler c¢ircuit - to give a high gain -
the input to which is the output current of the first stage. Fig. MRI-13466
is a transfer curve of the entire amplifier. The polarity of the gain is re-
versed from the single stage since two stages are used. The measured current
gain is 720 cerresponding to a power gain of 1.73 million. The msasured
overall "time constant" from the photograph of Fig. MRI-=13)67-¢ is about 30
cycles and thus the figure of merit is 57,600 - a figure nuch higher than
would nrdinarily be obtained from a single stage.17 The regions of operation
of sach stage are depicted in Fig. MRI-13468-2. Note that although the first
stage operates over a region close to the bend of its transfer curve; no
appreciatle loss in linearity results since the excursion of the first stage
is small. If necessary the composite tranxfer curve can easily be shifted
to give minimum output for zero d-c input by applying a small d-c bias to
the first stage. It is noted that there is a power dissipation in the con-
trol 2ircuit of the second stszge, but this could conceivably l.e made use of
by utilizing the control circuit to drive an auxiliary noninductive load.

The hich figure of merit obtasined with two stegcs could be multi-
plied many times by employling three stages, since the current gains multiply,
vwhereas the individual time constants sort of add. It should be possible to
obtain figures of merit of the order of several million without difficulty by
hooking another doubler to the output of the circuit of Fig. MRI-13465. 4
problem arises here, however, since if both the second and third stages had
identical transfer curves, the input excursion to the third stage would not
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correspond to an ouiput swing of the second stage over its own high gain re-
gion. Instead the second stage would operate with very early firing angles
correzponding to a portion of the region BC of Fig. MRI-13437-c which gives
low gain (or even an attanuation). The yemedy is to somehow shift the high
gain region of the third stage to the right as shown in Fig. MRI-13L468-b.

This can bs done in several ways. One mathod is to apply a smell d-c bias to
the last stage. Another consists of operating the last stags at a lower vol-
tags. The shifting eff. st of a reduced voltage was obsarved in the curves of
Fig. MRI-13Lkh. The possibility of substituting a full-wave circuit fcr the
intermediate stage comes to mind since its high-gain region is obtained over
a range of early firing angles (see Section B of this Chapter). This, however,
results in a lowsr gain. Any atiampt tco increase the gein of the intermediate
stage by raising the amplitude of the output of that stage reduces the gain of
the third stage since iis gain is inverssly proportional to its control ampli-
tude. Despits this, the method may be applicable because the intermediate
cores can be of smaller size than those of the last stage and consequently re-
@uire less control amplitude (see Eq. (16)).

Thus, by using sufficient ctages very small d-c signals can be
amplified to give large power changes with a relatively quick response. The
practical limit is determined by the smallest signal that can be amplified
without bsing drowned out by pickup and drift. The overall stability of the
amplifisr can be improved by incorporating some kind of negative fesdback or
by using a push-pull arrangement.

The fact that the control current of an a-c excited stage is uni-
directional prevents the combination of two such units in a push-pull arrange-
ment by themselvas if the angle of truncation is to be varied. However, an
ovex'all push-pull scheme, such as illustrated in the block diagram of Fig.
MRI-13469-a, iz feasible. Each "half" of the push-pull is a multistage ampli-
fier, the d-c¢ input being fed to both halves in series., Ths outputs are then
mixed to givs wave forms such as in Fig. MRI-13469-b. The transfer charac-
teristic of each multistage portion of the push-puil {such as those of Figs.
MRI-13468-a and MRI-13468-b) is biased to the pcsition where a sero d-c input
corresponds to about one=half full output. This is doas by applylag a d-¢
bias currsnt to the first stage of each half. The input windings are arranged
so that an increcse in the ocutput of one-half section dscreases the output of
the other. The net output is the differenca. The ovarull characteristies of
the entire circuit is sketched in Fig. MRI-13469-c. If doublers are used as
output stages, the negative values of output should he interpreted as a phase
reversal of 180 degrees.

This arrangements, just as for a single stage push-pull circuit,
gives asro output for zsro input when perfectly balanced (tiasing adjusted).
The cutput 1range and the gain are greater than with just a single ended
miltistage amplifier of the same parameters. Also the linearity is consider-
ably improved. Small variations in line voltage tend tc¢ canssl aincs both
halves are affected simultansously. This is also trus for any common varia-
tion in core or circuit parameters due tc zuch factors as heating, rectifier
creep, eotc.

pATREL TETUAR e
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Two poasibilities of harmful interaction between the halves ars in
the d-c control mesh and through the common load. The vse of a sufficiently
high control circuii impedance will prevent coupling through the contrcl mesh.
The influence of the common load is to chLange iiiz effective Ry, that each out-
put stage sees during the' portion of the haif-cycle after boih halvss have
reached their firing angle. Thus, the quantity "r" takes on two different
valuos and this will elter the individua’l transfer curves to some extent.

There is also a rasduction in current gain due to the mixing resistors drawing
power themselvaes,

D. Frequsncy of the Power Source - Discussion

The 60 cycle line was used as the powsr source in &11 experimental
work in the preceding sections, It is interesting to speculate on the use of
a power source of a higher frequency, say in the audic range, for applicetion
to an a-c excited amplifier.

A magnetic amplifier is sssentially a modulating system, the "carrier®
being obtained from the power source and moduiated by the average vaiue of the
signal. The signal (meaning a fluctuation in the average value of the truncated
control current in the a-c excited case) must be of a frequency appreciably
lower than the carrier, since the delay discussed in Chapter ITI results in a
frequency response characteristic analogous to the drop in gain caused by stray
and interelecirode capacities in electronlic amplifiers at higher frequencies.

It is cometimas, but by no means always, necessary to deamodulate the
irregular wave forms obtained from the magnetic amplifier to give a fairly
smooth d-c output. Two simply circuits to accomplish this are shown in Fig.
MRI-13470-a. The arrangemant using the condenssr gives a d=-c output, the
ccndenser charging to the peak of the amplifier wave form. This, however, is
not. & reproduction of tha average velus. The uss of the inductive schems
gives a true average. OCne immediate advantage arising from the use of a
higher carrier frequency is to require smaller demodulating components for
the same smoothness of output,

Another advantage lies in the fact that the time response in cycles
is theoretically independent of frequency, but the response in seconds bscomes
correspondingly Guicker with higher frequencies.

Not only does the responss quicken with higher frequencies bhut tha
voltage applied can be greater for the same saturation flux and load twrns.
Thus, it is sesn from Eq. (33) that the a-c excited amplifier can have a
higher ultimate gain. Of couzse, Eq. (33) neglected any effects the fre-
quency might have on the cores.

It is known that core losses, due partly to eddy-currents, increase
with frequency. This may change the core characteristics to smuch an extent
that Eq. (33) must be modified. Howsver, it was shown in Section F of Chapter
II that the a-c excited amplifier is not directly affected by core characteris-
tics, the influence of the core properties on thse gain being felt to a second
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order only. Thus, it is expected that the effects of a higher frequency on

the circuit are not as severe in an a-c stage as in the d-c excited ampli-
fier,

Other difficulties may arise at higher frecuencies because of
winding leakage inductance and rectifier and winding capaciiy. Also a source

supplying sufficient powsr et highser frequencles may present a practical
difficulty.

E. Regenerative Circuits - Oscillator, Flip-Fiocp

Althcugh the behavior of a magnetic amplifier is nonlinear within
each carrier cycle, & consideration of only average rectified values of sig-
nal and output leads to the approximation of the device as a linear active
element provided the operation is restricted to linear portions of the trans-
fer characteristic and there is nc "cutting off" at sither end.
ts 2 vacuum Ulube amplifier then comss forth, the latter
being a voltage amplifier with a 180 degree phase reversal, and the magnstic
amplifier acting as a currsnt amplifier with arbitrary phase reversal since
the windings are isolated. Mig. MRI-13470-b shcws the linsar equivalent cir-
cuit for each. The intermal inductance ghown in the magnetic amplifier plays
the same roles as the stray capacity in tha eleciionic circuit, except that the
effect of the inductance is felt at & much lower signal (modulating) frequency
when spsaking in terms of a sinusoidal input. The inductance is determined
among other things bty the type of cirenit; and its value is such that when
divided by Ry, the result is the time constant in seconds. It is assumed that
the amplifier is sxcited from a current source in the contyrol cirecuit, a con-
dition which should be approached in the a-c oxcited amplifier.

Ths analsgy

In Fig. MRI-13470-c the output of a magnetic amplifier of any num-
ber of stages is fed back to supply its own input. The circuit will be un-
stable and oscillate at a modulating frequency (frequency by which the angles
vary) where the net "phase shift" is 360 degrees around the loop provided the
loop cosine gain is equal to or exceeds unity in magnitude at that frequency,
since then the amplifier supplies sufficient input for itself. There are
two possidle sources of phass shifi. Each amplifier section itself gives
either an in or out of phase output. There is an additional phase shift in each
stags due to the inductance-resistance divider shown in the equivalent circuit
of Fig. MRI-13470~-b. Each divider has a theoretical meximum sttazinable shift
of 90 degrees {at infinite frequency).

Applying these principles an oscillator was sat up with three
stages of loubler circuits using Hypernik V cores, each stage giving 180 degreas
phase shift. The additional 18C degrees required for oscilletion wers pro-
vided by the cffective inductsances of the circuits, each delay giving 60 de-
grees., The block diagram is shown together with its electironic analogy in
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Fig. MRI-13471. Pig. MRI-13467-d is a photograph of the oscillatory wave
form as obtained across the load resistance of any of the stages. The fre-
quency is seen to be about 7 cycles a s=scond. Thus, the circui’ can sapply
a low frequency oscillation of considerable power. Care was taken so the
high gain rsgione of each circuit overlap, otherwise ths circuit would not
oscillate, and this required proper adjustment of the circuit parameters.
Six cores were necessary (two for each stags).

sing tws stages, 360 degrees phase shift is obtaine:d only at &
steady sigral or at infinite frequency of modulation. The attenuation st
higher freqgiencies due to the inductance-resistance divider will bLring the
loop gain down belew unity. Thus, the two stage circuit (using negative con-
trol) with the output fed back into the input is unstable at d-c only. That
is what is called a ¥flip-flop" circuit., Fig. MRI-13472 shows a megnetic
flip-filop circuit, using Hypernik V cores, with its elecironic analogy, the
Becles~Jordan trigger circuit, EBEalf.uwave circuits are used sirce thsir re-
sponse time is rapid and their cosine gain at d-c is unitv (see Section A
of this Chapter) which gives just sufficient loop amplification tc causs in-
stability. Care must bsa taken so that control current in each stage flows
= during the negative half-cycls of the corresponding core, since only then is
the control effective,

o s e ik

The operation can best be esxplained with reference to & transfsr

| characteristic of the half-wave circuit as shown in Fig. MRI-13473-a. The
control current of one stage is the load current of the other. A temparary
increase in the control current of one stage decreases the control current of
the other which in turn increases further the first comtrol current., Thus

the circuit is unstable, and this "run-away action" or "vicious cycle" con-
tirues until one stags cuts off (no longer on high-gain region). Then the
circuit comss to rest with the stages operating at points A and B (Fig. MRI~-
13L73~-a), respectively. The circuit remains in this state until the stability
is disturbed, whereupon the two stages interchange operating points. #Flipping"
can be accomplished in many ways. One simple msthod is to injsct a negative
d-¢ bias pulee in the atage which is carrying full current, or a positive pulse
. in the other stage. This has the effect of temporerily shifting the transfer
4 curve ci one stage to whers the circuit is again unstable. The duration of

é the pulse need be only so long that it insures that the run-away actica is

3 weli under way. The rapidity of the run-away actiovn is directly related to
the tims constant of the circuit, just as the stray capacity in the elsctronic
flip=-flop determines its flipping speed. Thus, in the half-wave circuit the
pulse need only last for one cycle, as shown in Pig. MRI-13473-b.

The circuit of Fig. MRI-13472«b is by no means the only possibility
of a flip~-flop arrangement. Doublers could also be used for each stage but
the speed of response would be much slowsr and more components are required.
A one stage doubler could be used with positive control since this gives sero
phase shif’t at d=c; but this requires the maintenance of a large d-c bias
current (see Section D, Chaptsr II). The half-wave flip-flop circuit is re-
latively fast and requires only two cores, two rectifiers, and two resistors.

A - — = s st —
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It can be pluggsd directly into the a-c line, requiring no d-c power supply.
There is also no need for the stages to he symmetrical. One control ampli-
tude can be reducad to the point where it still satisiies Eq. (16), thereby
saving considerable pover in one load.

It 18 noteworthy tihat 2t higher frequencies of the carrier the cir-
cult 1s faster acting and the trigger pulses cen be of a shorter duration.

Conclusions
Soma of the more imporiant rssults can be summarized as follows:

(1) By cascading several magnetisc empiifier stages, a mich greater
figure of merit is obtainable than when but one d-c excited stage is used.
The most favorable arrangement employes voltage doublers as ths a~c stages,
with “negative%, in-phase, unbiased control current pulses. Ail stages ex-
cept the very last should n==2 a core materiel which saturates sharply. The
winding resistance of the a=c excited stages should, in general, be kept down
to a minimum, :

(2) The minimua fiux during a cycle is determined =y the amount orf
flux decay that the "value" action of the control current permits,

(3) Therefore, the transfer characteristics are to a first approxi-
mation independent of the slope and width of the B-H loop, whereas the d-c
excited operation is critically dependent on core characteristics, Thus, us-
ing less sensitive core materials will not sericusly hamper the operation of
the a~-c excited amplifier. Alsc changes in core characteristics arising from
the use of higher iine frequencius should not ssverely influence the tranafer
characteristics,

(L) The ideal analysis of the a-c excited doubler with sero forward
mesh (#inding) resistance predicts infinite gain regardless of the slope of
the B-H loup, whereas the ideal analysis of the d-c excited self-saturating
circuit predicts a gain proportional %o the slope, the forward mesh resistance
not being a c-itical factor.

(5) The gain and *ime response of the a-c excited self-saturating
circuit are both independent of load and control turns, as well as of core
characteristics. Ths practical limit of gein and time response arae, however,
determined by the cores and windings. The expressions for gain and time re-
sponse are summarised in Table 3, Fig. MRI-12L75.

(6) Thers is close correlation between experimental and theoretical
results throughsut.
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APPENDIX 1~
P L2z v
I 1. R I
CM “'F T Iowax Ry
. A= RESULTS WITH RF_AS PARAMETER (MRI-13442)

Rp Calculated Gain Meagured Gain % Dev.
7.5 58 54 -6.9%
na.s . 23.4 20 -14 5%
29 .5 14.7 11.5 -21.8%
B- RESULTS WITH Icy AS PARAMETER (MRI-13443)

Ton Calculated Gain Measured Gain % Dev.
393 29 26 -10 .4%
.196 58 53 - 8.6%
.167 72 88 - 5.6%
.133 865 80 - 6.3%
C- RESULTS WITH V AS PARAMETER (MRI-13444)
v Calculated Gain " sMessured Gain 2 Dev.
60 58 52 -10.3%
5 43 .5 : 41 - 5.8%
EB 29 29 -
D- RESULTS WITH Ry, AS PARAMETER (MRI-13445)

RI, Calculated Gain Measured Gain % Dev.
100 68 56 ~3 5%
00 58 56 -3.56%
00 58" | 58 -3 .5%
E- RESULTS WITH TURNS AS PARAMETER
N N Cslculated Gain Mezsured Gain % Dov.
500 50 14 .5 11 -29.1%
00 20 14.5 11 -25 1%
180 50 14.5 12 =17 .2%

Table 1. Tabulation of Measured and Calculated Values of Current

Gain

MRI-13474
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T, - %_ (RIR; Re)
RL(ohms) RF(ohma) M315&3431 T, caloulat94
i 50 7 o & 3.8
2 100 75 7-8 7 62
3 200 7.6 12-14 13.8
4 200 276 4 4.2
5 200 17.6 5-6 6.2
6 200 12.5 8- 5.6

A i

Table 2. Comparison Between Observed and Calculated Time Constant
far Doubler Circuit with A.C. Excitation Core Material-

Hypernik V
Time Constant | Cosine Gain Crarent QGain
V.. '/
Doubler l(l—r)- %‘ & l-r = = (lax)=
2 RF IcH‘R Ic?@l"
v !
Half-wave 1 1 M
2 I.w R
cM
\'f ¥,
Full-Wave 1 { approx.) l+er 2 ! (1+r) -2
,-l Ic ICHR'
Tahle 3. Theoretical Relationships in Ragion of Highest Gain

MRT-13475
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APPENDIX IT
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Method of Switching the 1'ransient

To study the transient responss of a system experimentalily, s satis-
factory means for initiating the transient is nscessary. One way to do this
is to simply open o:r close 2 switch and record the response on a device such
as & Brush Records: or chotograph 1t from an oscilloscope with a driven sweep.

It is usually more desirable, however, to obtain a stationary pattarn
or the oscilloscope. This requires that the switch ctsns and closes at a fixed
rate. An elsctronic awitch (square wave generator) acccmplishes this and is
very gcod for many purposes, but it has several restrictions, This “switch"
has & comparatively high output impedance and is thus limited Yy the current
that it can pass;, unless additional power amplification is employed. This
msthod also presents problems when a slow switching rate is desired,

At lovwer frequencies switching can be done by machanical means. This
investigation uses an instrument which opens and closes a fast acting relay
thereby sffecting repetitive switching. A schematic of “ae particular type of
relay is shown in Fig. MRI-13430-a. If the current through winding AB is ad-
Justed properly, the rslay contacts will be open when no current flows in
winding CD. But when the currsnt through winding CD rises to a certain value,
It, the cortacts close; and when the current drops below a valus, In, the relay
reopens. Thus, by applying a square wave signal to winding CD, the contacts
can be made to open and close at the frequency of the square wave, The fre-
quency, however, must bes low enough for the relay to handle and is limited to
about 100 cycles a second.

The tripping coil CD is connected directly to one of tha load resis-
tances of an Eccles-Jordan Trigger Circuit. The amplitude of the pulsas which
trigger the circuit is fixed so that the circuit flips on negative pulses only,
the pulsss (both positive and negative) being obtained from the output of any
one of a chain of frequency dividers (also Eccles-Jordar circuits), the choice
depending on which frequency division of the reference voltage is desired to
operate the relay. A block diagram is shown in Fig. MRI-13428. PMig. MRI-13429
18 the actual circuit diagram.

The refsrence voltage is taken directly from the a-c line &nd may be
60 or 400 cycles. This input sine wave is sent through a clipper which is a
high-mi triode that cuts off at -4 volts on the grid. Thse peak to psak value
of the sine wave input is a few hundred volts so that a fast rise is obtained
at the output of the clipper (Fig. MRI-13430-b). The clipped wave is then
differentiated tnrough a smaii -ondenser to give positive and negativs pulses
(Fig. MRI-13430-c), the negative pulses activating tis first of the frequency
dividers, the output of which {Fig. MRI-13}20~d) is again differentiated and
fed into the next divider giving an output (Fig. MRI-1343C-e) which is once
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again differentiated, and so forth. Thus, the relay contacts can be made to
switch at 1/2, 1/k4, 1/8, 1/16, 1/32, or 1/6L of line frequency. The phass of
the switching relative to the line can be varied by the phase shift control.

A circuit dlagram of the divider stage containing the relasy tripping
coil is drawn in Fig. MRI-13431-a. The tripping coil must rot be comnected
directly in series with the plate of either itube because ite inductence would
clow down the run away action of the circuii when a negative pulse is applied
to either grid and thus prevent tripping. Instead the coil is shunted by a
2200 ohm resistor so that the run away action can taks place and after a tran-
sient the current in the coil will rise to its full value (about 10 ma).

Referring to Fig. MRI-13431-b, it is seen that the open and clossd
time of the relay will, in general, be of different duration, However, by
proporly adjusting the value of the critical tripping current, Iy, and re-
lease current; I,., the -relay can be made to have equal open and closed dura-
tions., The values of Iy and I, are determined only by the bias current in

coil AB (Fig. MRI-13430-a), and by varying the current the symmetry of the
switchirg is controlled.

If a circult as in Fig. MRI-13431-c is connected to the contacts, a
square wave voltage appe=sre2 across the resistor R which can be used to initiate
a transient.

There i3 a small capacity associated with the relay contacts and lead
wires, and thisz will czuss the “switching time" to be longer when the relay
opens than when it closes. Referring to Figs. MRI-13431-d and MRI-13h3l-e, it
is seen that the time constant due to the relay capacity is , RRo

\H;Es)c when the
relay closes, and RC when it opens. Ry (the resistance of the contacts) is
very =mall and therefore voltage across R jumps almost instantaneous upon
closing, but a faint trace can be seen when the relay opens (Fig. MHI-13431-f).
The value of R for Fig. MRI-13431-f is very high (.5 Meg) and if a more normai
value is used the trace cannot be seen (Fig. MRI-13L431-g), and the switching
occurs almost inctantansocusly. This excludes the effect of any loading by the
eystem to which the switching is spplisd.
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List of Parts for Frequency Divider (see Fig. MRI-13L29}

Sl’ 82 SPST Switchn
S3 Six Throw Selector Switch
Pl Filot Light 6.3 v.
Fl 50 ma. Fuse
T1 117 - 6.3 v. Filament Transformer - 3 amps.
T, 117 to 250-0-250 v. Power Transformer at 50 ma. with 6.3 v.
Filament tap at 2.5 amps.
5 Rl 20 K, 1/2 Watt
R, 10 K, 1/2 Watt
; R3 2.2 K, 1/2 Wati
2 B, By 1 Mag., 1/2 Watt
T R 580 K, 1/2 ¥att
Rg 2.5 K, 10 Watts
R7 1 Meg. Potentiometer - 2 Watts.
RB 2.0 K, 10 Watts
Ry 27 K, 1/2 Watt
Rll 82 K, 2 Watts
R, 500 K Potentiometer - 2 Watte
Cl 330 ppsf - 200 v,
02 33 uuf - 200 v.
C3 1000 ppf -« 200 v,
¢, 100 puf - 200 v,
05’ C7 8 uf electrolytic = 300 v.
Cg .005 uf - 600 v.

CB o0l uf paper - LSO v.
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